1. Introduction {#sec1-sensors-19-01768}
===============

Atmospheric pollution involves several particles and mixture into complex gases, such as volatile organic compounds (VOCs), where concentration is usually detected in the range of parts per million (ppm) for health and environmental applications. Most of the commercially available sensors are based on conductivity transduction, using metal oxides as a sensitive layer \[[@B1-sensors-19-01768],[@B2-sensors-19-01768],[@B3-sensors-19-01768]\]. However, such sensors often operate at high temperatures \[[@B4-sensors-19-01768]\]. In contrast, electromagnetic transducers can operate at room temperature \[[@B5-sensors-19-01768]\], which is one of their advantages. To increase the sensitivity and to emphasize the selectivity, the active part is sometimes covered by a sensitive layer. Several studies have been conducted on the design of radiofrequency (RF) gas sensors in recent years and a large part of these studies converge to the use of carbon nanotubes as a sensitive element. Various studies have been carried out in recent years, showing the modification of the conductivity of carbon nanotubes and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) in the presence of alcohols \[[@B6-sensors-19-01768],[@B7-sensors-19-01768],[@B8-sensors-19-01768],[@B9-sensors-19-01768]\]. Moreover, carbon nanotubes (CNTs) have interesting characteristics because of their ability to be functionalized. Several studies have been conducted with antennas and RF resonators using carbon nanotubes to detect VOCs \[[@B10-sensors-19-01768],[@B11-sensors-19-01768],[@B12-sensors-19-01768]\]. For example, Naishadham et al. \[[@B13-sensors-19-01768]\] have presented a sensor based on single-walled carbon nanotubes (SWCNT), functionalized with poly-aminobenzene sulfonic acid (PABS), for the detection of gas.

Printed electronics is a rapidly emerging and relatively new technology within the electronics industry \[[@B14-sensors-19-01768]\]. It allows for the fabrication of electronic devices on flexible substrate materials, such as plastic, paper, and textiles, using electrically functional inks. The inkjet printing technique is a direct-writing technology that prints directly the structure on a substrate carrier \[[@B15-sensors-19-01768],[@B16-sensors-19-01768],[@B17-sensors-19-01768]\]. This technology does not require a mask, or an etching technique, but uses nozzles to create droplets on demand. Our work is focused on the use of inkjet printing on flexible substrates, such as photo paper for low-cost issues or on kapton. Several studies have been performed in recent years on this subject \[[@B18-sensors-19-01768],[@B19-sensors-19-01768],[@B20-sensors-19-01768]\]. In this paper, we have investigated the evolution of the dielectric properties due to the manufacturing process. This study explores the field of gas sensors dedicated to the detection of pollution in the air. It proposes the development of a platform for the detection, the monitoring, and the quantification of VOCs in real time. The platform uses a flexible and printed differential gas sensor based on resonant microwave transducers and polymer--carbon composite materials, such as poly (3,4-ethylenedioxythiophene) polystyrene sulfonate and multi-wall carbon nanotubes (PEDOT: PSS-MWCNTs) composite material, as sensitive layers.

The originality of this study comes from the fact that the manufacturing procedure was taken into account in the design of the sensor. In addition, we were able to correlate the variation in ethanol concentration with the variation in conductivity of the PEDOT: PSS-MWCNTs.

The paper is divided into four main parts. First, the technological choices and the operating principle of the sensor are presented. The second part deals with the fabrication process. This process requires temperature variations that implies an experimental characterization of the paper substrate properties. In the third part, the theoretical study is conducted and the design of the RF gas sensor is presented. Then, gas measurements of the sensor are exposed. Finally, before the conclusion, the sensitivity study is presented.

2. Technological Choices {#sec2-sensors-19-01768}
========================

2.1. Differential Microwave Resonator {#sec2dot1-sensors-19-01768}
-------------------------------------

In this work, our goal is to design a differential gas sensor. This design will be based on variations of the electrical properties, of the composite sensitive material, in the presence of gas. The detection principle of this sensor is based on the differential measurement of the frequency response between two identical transducers: one of reference (without a sensitive layer) and one sensitive to the presence of a gas.

As shown in [Figure 1](#sensors-19-01768-f001){ref-type="fig"}, we offer a chemical gas sensor that is fully inkjet printed on a flexible paper substrate. The circuit is based on differential microwave resonance transducers that monitor the variation of the electrical properties, of the sensitive composite material, in the presence of pollutants.

In the following section, we describe the inkjet printing process we use to fabricate our test-structures.

2.2. Inkjet Printing Processes {#sec2dot2-sensors-19-01768}
------------------------------

To fabricate the test-structure, an inkjet printing technology process was applied by using the Dimatix Materials Printer Model DMP-2800, FUJIFILM Dimatix. This printer has 16 nozzles of 21.5 μm diameter, each separated by 254 μm \[[@B21-sensors-19-01768]\].

In this study, the structure was directly printed on a paper substrate. Commercial conductive inks based on silver nanoparticles and on polymer-carbon composite nanomaterial (PEDOT: PSS-MWCNTs) were used as electrodes and as sensitive film, respectively. The PEDOT: PSS-MWCNTs nanomaterial was chosen because of its doping capacity for improving its conductivity. It is also a good candidate to be functionalized for increasing the sensor selectivity.

In our work, we have decided to print the sensor on a paper substrate, which is one of the most environmentally friendly materials. Based on \[[@B22-sensors-19-01768],[@B23-sensors-19-01768]\], which demonstrate the use of paper at Ultra High Frequency (UHF) and RF frequencies, we chose Epson photo paper as substrate. Then, the inkjet printing process was applied as follows:

Step One: The structure's fabrication starts by printing Metalon^®^ JS-B25HV silver ink as the metallic part of the sensor. That ink is produced by Novacentrix. It contains 25 wt.% of silver and its conductivity value is equal to 3.5 S·µm^−1^ by considering 2 μm of thickness.

Step Two: The device under fabrication is heated at 60 °C for 30 min in order to remove the remaining solvents and to improve the metallic part's conductivity.

Step Three: The sensitive part of the sensor is printed with PolyInk (PEDOT: PSS-MWCNTs) containing Carbon NanoTubes (CNTs). That ink contains from 1% to 1.2% of CNTs according to the manufacturer data.

Step Four: The device is heated at 100 °C for 30 min in order to remove the remaining solvents of the printed PEDOT:PSS-WCNTs.

However, there is a wide range of papers to select from, which vary in density, coating, thickness, and dielectric properties. The electrical performances of the sensor depend on the ink and substrate properties; hence, a RF characterization of the paper substrate becomes an essential step before starting any sensor design and fabrication. Electrical characterizations of paper substrate have already been performed in \[[@B22-sensors-19-01768],[@B23-sensors-19-01768]\] but at room temperature. In this study, we characterize the paper substrate according to the temperature cycle of the fabrication process. As described in Section three, electrical characterizations have been done in the following order: At room temperature (RT), then after a cycle at 60 °C, and finally after a cycle at 100 °C.

3. Characterization Method {#sec3-sensors-19-01768}
==========================

During the last few decades, many characterization methods \[[@B24-sensors-19-01768],[@B25-sensors-19-01768],[@B26-sensors-19-01768]\] have been developed to determine the complex properties of dielectric materials at radio frequency. For instance, we can mention the following in a non-exhaustive way: Transmission-reflection line method, open-ended coaxial probe method, free space method, and resonant method. All these methods are limited to specific operating frequencies, materials, and applications by the subject's own constraint.

These methods are developed in time or frequency domains and are based on reflection or transmission scattering parameter measurements. Then, considering these measurements, dedicated software has been developed to extract the complex dielectric properties of the material under characterization.

In our work, and in order to determine the dielectric properties of the Epson paper substrate, we used a resonant cavity method. This method consists of an empty cylindrical cavity divided into two short-circuited cylindrical waveguide sections, where the sample to be characterized is placed. The dimensions of the cavities (cavity radius, cavity height, and maximum thickness of the slot) depend on the desired characterization frequency. At last, the sample has to cover the entire cylindrical section of the cavity, as shown in [Figure 2](#sensors-19-01768-f002){ref-type="fig"}.

By considering both modes TE~011~ and TE~013~, the electric field that has a single azimuth component E (φ) is parallel to the plane of the dielectric sample and null on each metallic surface of the cavity. The field is concentrated in the center of the cavity that, if the slit thickness is less than 7 mm at 2.45 GHz, prevents leaks. The characterization principle consists in measuring the resonance frequencies, quality factor, and transmission parameter S~21~ (for the coupling) for the TE~011~ and TE~013~ modes. The aim is to accurately determine the dimensions and the conductivity, which depends on the temperature of the cavity. Finally, it is sufficient to re-measure these same parameters in one of the two modes, with a dielectric element to be characterized. This characterization method is presented in detail in \[[@B27-sensors-19-01768],[@B28-sensors-19-01768],[@B29-sensors-19-01768]\]. The cavities used in this study and presented in [Figure 3](#sensors-19-01768-f003){ref-type="fig"} have been designed by our team.

The aim of this study is to shed light on the impact of the printing cycle of our gas sensor; we characterize the substrates in the same context. First, we characterize the sample at room temperature. Then, we place the substrate in a heat chamber at 60 °C for 30 min. After two minutes, the photo paper substrate is brought back to room temperature and then measured again. This temperature corresponds to the temperature of the heating plate of the Dimatix, when printing the device. Finally, the same process is done at 100 °C. In the manufacturing process, this temperature is raised to dry out the solvent of PEDOT: PSS. To be sure that the temperature of the device to be measured is stabilized at room temperature, it is sufficient to check that the resonance frequency of the cavity does not shift over time.

The extracted dielectric properties are shown in [Table 1](#sensors-19-01768-t001){ref-type="table"}.

According to [Table 1](#sensors-19-01768-t001){ref-type="table"}, we observe that the relative permittivity is inversely proportional to the frequency for each temperature step in the heating process. In conclusion, this study proves that the impact of the temperature cycle of the printing process is a diminution of the relative permittivity of the photo paper substrate all along the manufacturing process of our gas sensor.

Following the characterization procedure of the paper substrate, we proceed to the design of the gas sensor according to several constraints. Hereafter, the design procedure is described.

4. Theoretical Study {#sec4-sensors-19-01768}
====================

4.1. Design of the Gas Sensor {#sec4dot1-sensors-19-01768}
-----------------------------

The frequency range of the gas control test setup is limited from 2 to 6 GHz. These frequency test constraints also imply the dimensions of the test cell in which the sensor is integrated. Our gas sensor was designed according to all these constraints (operating frequency and dimensions).

The structure is composed of two identical resonators \[[@B30-sensors-19-01768]\]. Each resonator consists of two parallel networks of 50 electrodes. The gap (L2) between two successive electrodes is equal to 300 μm. The width of each resonator (W1) is 14 mm and its main length (L) is 17.2 mm. Microstrip lines are considered as Input---Output ports in order to offer significant advantages on flexibility in the design and in the measurements of the gas sensor. To obtain an impedance matching of 50 Ω, considering the paper substrate properties, the width of each access line (W) is 0.5 mm. The geometry of the whole structure is presented in [Figure 4](#sensors-19-01768-f004){ref-type="fig"}.

Keep in mind, the structure with two resonators permits a differential detection to be obtained. Indeed, a resonator without a sensitive layer is considered as the reference channel, while the other resonator is the sensitive channel functionalized with a sensitive material.

4.2. Electromagnetic Simulations {#sec4dot2-sensors-19-01768}
--------------------------------

The Ansys HFSS 3-D full-wave electromagnetic field simulator was used for designing the gas sensor described previously.

All of the dimensions of the resonator were simulated to optimize its electrical behavior in the operating frequency range from 1 to 6 GHz. We consider the two first resonant modes of the resonator. The results of the resonator without a sensitive layer are illustrated in [Figure 5](#sensors-19-01768-f005){ref-type="fig"}.

We observe that the resonant frequencies of the first and second modes of the reference resonator are respectively 3.06 and 5.90 GHz.

In order to maximize the interaction with the sensitive layers, electromagnetic fields have been calculated. [Figure 6](#sensors-19-01768-f006){ref-type="fig"} presents the distribution of the E fields for the first and second resonances, where we observe that:For the 1st mode: The maximum E-fields are located at the input and output of the structure.For the 2nd mode: The maximum E-fields are located at the input, output, and in the middle of the structure.

After studying the reference resonator, we then considered the resonator with sensitive material. As mentioned previously, this material is PEDOT: PSS-MWCNTs.

These layers are deposited in 300-μm-wide gaps, relative to the three zones where the E field is the maximum for both modes. We seek here to favor the interactions with the electric (E) field and thus to create a capacitive disturbance effect. Using electromagnetic simulations, we optimized the number of PEDOT: PSS-MWCNTs layers in order to obtain a significant electrical effect, while maintaining the accuracy of the fabrication process. Under these conditions, the number of layers we considered is equal to five, with a total thickness of 2 μm. A conductivity equal to 50 × 10^3^ S·m^−1^ is obtained for these five layers. This value was deduced from electromagnetic retro-simulation based on the Ansys HFSS.

[Figure 7](#sensors-19-01768-f007){ref-type="fig"} presents the location of the sensitive pattern optimized by simulation for the five deposited layers of sensitive ink. Here, we consider the first and second resonant mode.

The simulation results of the device with sensitive layers are illustrated in [Figure 8](#sensors-19-01768-f008){ref-type="fig"}.

The resonant frequencies of the first and second modes of the sensitive resonator are respectively equal to 3.16 and 5.95 GHz. Printing sensitive layers, as presented in [Figure 7](#sensors-19-01768-f007){ref-type="fig"}, allows us to observe a shift of 10 MHz for the first mode and 5 MHz for the second one. In conclusion, because the first mode is more sensitive to the presence of the PEDOT: PSS-MWCNTs layers, we only consider the first mode for the rest of the study.

5. Experimental Study and Discussion {#sec5-sensors-19-01768}
====================================

The structures were printed by using the Dimatix inkjet printer (2800 series) with a silver thickness of 2 μm on the paper substrate. [Figure 9](#sensors-19-01768-f009){ref-type="fig"} shows the two manufactured resonators of the gas sensor without and with five layers of PEDOT: PSS-MWCNTs, as indicated previously. A ground plane in aluminum was glued on the bottom face of the substrate.

After the fabrication step, the gas sensor was characterized by measuring the scattering (S) parameters without, then with, the presence of gas.

5.1. Measurements without Gas {#sec5dot1-sensors-19-01768}
-----------------------------

Electrical characterizations were performed over the frequency range from 2 to 4 GHz with the MS2026B Vector Network Analyzer (VNA), calibrated for 4001 points. [Figure 10](#sensors-19-01768-f010){ref-type="fig"} shows the experimental S parameters at room temperature for the resonators with and without sensitive layers. The resonators operate on their first resonant mode.

A frequency shift appears between the two cases. This shift is due to the presence of the PEDOT: PSS-MWCNTs. It has to be considered for defining the sensitivity of the RF gas sensor.

The resonance frequencies of the reference (FrS21r) and of the sensitive (Fr21s) resonators are given in [Table 2](#sensors-19-01768-t002){ref-type="table"}. The good correlation between the experimental and simulation results validates our EM model and design. Furthermore, that validates the characterization of the dielectric properties of the paper substrate described previously.

5.2. Measurements under Gas {#sec5dot2-sensors-19-01768}
---------------------------

The experimental configuration, summarized in [Figure 11](#sensors-19-01768-f011){ref-type="fig"}, for the detection of volatile organic compounds (VOCs) has already been described previously in \[[@B31-sensors-19-01768]\]. It is based on a vapor generator (CALIBRAGE PUL 110), which is used to generate and control the concentration of targeted particles from a liquid in a permeation bottle or tube heated at constant temperature (60 °C for liquid ethanol and 80 °C for liquid toluene). These vapors are transported by nitrogen as carrier gas at a constant flow rate equal to 0.112 L/min \[[@B32-sensors-19-01768]\]. According to the capabilities, characteristics, and performances of the vapor generator, we have defined a typical sequence of concentrations (C) of targeted particles vapor for which the pressure is almost constant. Thus, the detection of the vapors of ethanol and of toluene as targeted volatile organic compounds were carried out with the following concentration sequence: 0, 500, 0, 500, 0, 1000, 0, 1000, 0, and 1300 ppm. Each concentration step lasted 10 min, and the sequence was started after a first rinsing step under nitrogen for 450 min to ensure stability at room temperature. The 0 ppm corresponds to the exposure of nitrogen only. Since the permittivity of ethanol vapor is different from that of nitrogen, for the relevant frequencies, there is a change in the effective permittivity of the sensor environment and in the electrical properties of the sensitive layer \[[@B33-sensors-19-01768]\]. All detections were carried out under the same conditions, which is to say at a fixed ambient temperature equal to 26 °C and a relative humidity (RH) of 32%.

Measurements of the resonance frequencies of the device as a function of the concentration of ethanol vapor are presented in [Table 3](#sensors-19-01768-t003){ref-type="table"}. We note that the frequencies decrease with the increase of ethanol concentration. Moreover, we observe that the reference also varies in the presence of gas. The differential detection is necessary to detect only the variation related to the sensitive layers. To calculate the sensitivity of the sensor, we use the following formula:$$\left( {sensitivity = \frac{\mathsf{\Delta}F\_ S21}{C\left( {ppm} \right)}} \right)$$ $\mathsf{\Delta}F\_ S21$: Differential frequency for the same structure before and after being under gas; $C\left( {ppm} \right)$: Gas concentration.

According to [Table 3](#sensors-19-01768-t003){ref-type="table"}, the sensitivity of the reference resonator is equal to −1.23 kHz/ppm and to −4.6 kHz/ppm for the sensitive resonator. The RF gas sensor sensitivity is equal to the difference between the reference and the sensitive resonators for a specific gas concentration. This approach allows us to consider only the sensitivity due to PEDOT: PSS-MWCNTs. Finally, the gas sensor sensitivity is equal to −3.37 kHz/ppm.

6. Sensitivity Study {#sec6-sensors-19-01768}
====================

To estimate the behavior of the resonator in the presence of gas, simulations were performed by varying the value of the conductivity of the sensitive material. The objective here is to quantify the variation of the conductivity of the sensitive material, according to the variations of the gas concentration. From the measurements presented in [Table 3](#sensors-19-01768-t003){ref-type="table"}, we find that a variation of the concentration from 0 ppm to 1300 ppm generates a variation of 6 MHz. Based on the EM model of the sensitive resonator validated previously, we performed simulations of the structure by varying the conductivity of the sensitive material. Our objective is to obtain a frequency shift of 6 MHz by EM simulation.

In [Table 4](#sensors-19-01768-t004){ref-type="table"}, we present the simulation results of the resonance frequency variation of the sensitive channel versus the variation of conductivity from 0% to 30%.

[Figure 12](#sensors-19-01768-f012){ref-type="fig"} shows the resonance frequency of the sensor element as a function of the conductivity variation on the left for the simulation (blue curve) and the gas concentration on the right (orange curve) for the measurement. The same behavior can be observed between measurement and simulation. Thus, there is a linear relationship between gas concentration and conductivity of the PEDOT: PSS-MWCNTs. To obtain a frequency shift of 6 MHz (as in the experimental), we need to consider a conductivity variation equal to 30%. That means that, for a concentration of 1300 ppm, the conductivity of the sensitive material varies by 30% due to the effect of the gas.

7. Conclusions {#sec7-sensors-19-01768}
==============

In this article, the proof-of-concept of a RF gas (VOCs) sensor is experimentally demonstrated. The sensor is composed of silver ink as conductive material and PEDOT: PSS-MWCNTs as sensitive material.

One of the objectives of this paper was to understand how the fabrication process influences the electrical behavior of the resonator-based gas sensor. We used a classical inkjet printing process for printing the test structures on a paper substrate. Due to the fabrication process, we have demonstrated that the dielectric properties of the paper substrate are modified (compared to the properties given by the manufacturer). As explained in the article, the paper's characterization was done after several temperature cycles imposed by the fabrication process. At 2.45 GHz, a variation of the relative permittivity equal to 19% was measured from the initial value. This large variation was then considered during the design of the gas sensor, along with the electrical conductivities of the printed materials. The latter were additionally characterized during this study.

The second objective of this study was to design a differential gas sensor, based on variations of the electrical properties of the sensitive composite material in the presence of gas, in the microwave frequency range from 1 to 6 GHz. The detection principle of this sensor is based on the differential measurement of the frequency response of two identical transducers: one of reference (without sensitive layer) and one sensitive to the presence of a gas.

The last objective was to validate the theoretical approach by measurements. Thus, ethanol vapor concentrations were measured in a real time detection procedure. A sensitivity (shift in frequency versus gas concentration) of the gas sensor equal to −3.37 KHz/ppm was estimated. This result is encouraging and demonstrated the proof-of-concept of our gas sensor.

Finally, based on retro-simulation, we have established a model containing the variation of the conductivity of sensitive material versus gas concentration. This model is useful for understanding the causes of the frequency shift of the sensor in presence of gas. This model will be used for the design of future sensors.
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sensors-19-01768-t001_Table 1

###### 

Evolution of electrical properties.

         At Room Temperature (RT)   After 60 °C Cycle   After 100 °C Cycle                  
  ------ -------------------------- ------------------- -------------------- ------- ------ --------
  2.45   3.3                        0.12                3.24                 0.117   2.66   0.0364
  4.7    3.1                        0.09                3.01                 0.1     2.66   0.0045
  10     2.86                       0.017               2.8                  0.094   2.57   0.0038

sensors-19-01768-t002_Table 2

###### 

The difference between simulation and measurement.

  SIMULATION   MEASUREMENT          
  ------------ ------------- ------ -------
  3.06         3.16          3.06   3.169

sensors-19-01768-t003_Table 3

###### 

Frequency shift versus ethanol concentration.

  C(ppm)   FrS21r (GHz)   FrS21s (GHz)
  -------- -------------- --------------
  0        3.06           3.169
  500      3.0595         3.167
  1000     3.059          3.1655
  1300     3.0584         3.163

sensors-19-01768-t004_Table 4

###### 

Variation of the conductivity as a function of the resonance frequency.

  Conductivity Variation   FrS21s (GHz)
  ------------------------ --------------
  −30%                     3.154
  −20%                     3.157
  −10%                     3.159
  0%                       3.16
